Bulked segregant analysis (BSA) is used to identify existing or induced variants that are linked to phenotypes. Although it is widely used in Arabidopsis and rice, it remains challenging for crops with large genomes, such as maize. Moreover, analysis of huge data sets can present a bottleneck linking phenotypes to their molecular basis, especially for geneticists without programming experience. Here, we identified two genes of maize defective kernel mutants with newly developed analysis pipelines that require no programing skills and should be applicable to any large genome. In the 1970s, Neuffer and Sheridan generated a chemically induced defective kernel (dek) mutant collection with the potential to uncover critical genes for seed development. To locate such mutations, the dek phenotypes were introgressed into two inbred lines to take advantage of maize haplotype variations and their sequenced genomes. We generated two pipelines that take fastq files derived from next-generation (nextGen) paired-end DNA and cDNA sequencing as input, call on several well established and freely available genomic analysis tools to call SNPs and INDELs, and generate lists of the most likely causal mutations together with variant index plots to locate the mutation to a specific sequence position on a chromosome. The pipelines were validated with a known strawberry mutation before cloning the dek mutants, thereby enabling phenotypic analysis of large genomes by nextgeneration sequencing.
INTRODUCTION
Forward genetic screening has been widely used to identify genes for agronomic traits. Mapping such traits to chromosomal intervals is much easier in plants than in most animals because a large number of seeds can be generated, screened, and genotyped with genetic markers (Peters et al., 2003; Bortiri et al., 2006; Gallavotti and Whipple, 2015) . A critical step is then to identify the specific gene providing the genetic basis of a phenotype, so that the underlying molecular process can be uncovered. In most cases, even with a high density of genetic markers and powerful statistical analysis, such an interval could comprise several candidate genes. This ambiguity results in intensive labor and time being required to pinpoint the causal gene.
As an alternative to conventional interval mapping, one can now take advantage of next-generation sequencing platforms because they are cheaper and provide a new way to locate causal mutations. In particular, bulked segregant analysis (BSA) has been proposed to identify markers linked with a specific phenotype (Michelmore et al., 1991) . For BSA, two samples of bulked, or pooled DNAs are prepared from a segregating population originating from a single cross. One sample contains pooled DNA from all segregants with a mutant phenotype, whereas the other sample contains pooled DNA from segregants with the 'normal' phenotype. Genetic screening should enrich for a single nucleotide (SNP) or insertion/deletion (INDEL) polymorphism in the mutant bulk that is linked to the trait, whereas other SNPs or INDELs are randomly distributed. When the bulked samples are sequenced by nextGen sequencing to a redundancy at a single nucleotide level, a single candidate gene can be identified.
Several software programs, such as SHOREmap (Schneeberger et al., 2009) , MutMap (Abe et al., 2012) , SNPtrack (Leshchiner et al., 2012) and SIMPLE (Wachsman et al., 2017) , have recently been developed for uncovering mutations. These programs all require whole-genome resequencing, which greatly increases the cost for plants with larger genomes. MutMap and SHOREmap also require the user to have bioinformatic coding skills, and it takes considerable time to upload fastq files to SNPtrack, especially for large genomes. The SIMPLE pipeline is easy to run, but has only been tested with small genomes, such as those of Arabidopsis and rice.
The problem for species with large genomes is the proportional increase in repetitive DNA elements. However, this problem can be overcome with genetic resources. For instance, maize kernel mutants provide us with the potential to uncover mechanisms of embryo and endosperm development Sheridan and Neuffer, 1980) . Although the mutant collection was created in 1970s, little information is known about the genes underlying the classical defective kernel mutants screened by Neuffer and Sheridan. Therefore, we want to take advantage of advances in whole-genome sequencing to uncover these. In addition to sequenced genomes with contiguous genic regions, we also need software tools to identify the mutations at the single nucleotide level. We developed two pipelines, designated as VarMapDNA or VarMapRNA, each operating on either DNA or RNA fastq files, generated from next-generation paired-end sequencing of bulked samples, which do not require programming skills from a user and can be downloaded to run locally with instructions from a README file. Once the pipelines run, the user will be provided with annotated lists of the most likely candidate variants. Each variant is evaluated for the effect it has on a coding region. The SNP or INDEL index plots that are generated permit the user to locate the genomic position of the mutated sites. We tested the pipeline first with a species that has a small genome, using the strawberry runnerless mutant (Tenreira et al., 2017) . After a successful test, we then applied these pipelines to the maize dek19 and dek33 mutants. By combining results from whole-transcriptome sequencing with those from whole-exome sequencing, we identified the genes for both dek mutants in both introgressions.
RESULTS

defective kernel mutant populations
The maize EMS-induced defective kernel (dek) mutations are an important resource for the study of maize seed development Sheridan and Neuffer, 1980) . However, these mutations were not generated in a maize inbred with a sequenced genome. To apply a method of sequence-based identification of these mutations, they had to be introgressed into an inbred line whose genome had been sequenced. Because maize inbreds have enormous haplotype variations, it would be even better if the dek mutations could be introgressed into a second inbred that had been sequenced, so that two orthologous chromosomal locations could be compared where the introgressed region is invariant. As both the maize B73 and W22 genome have been sequenced (Schnable et al., 2009; Dong et al., 2016) , the dek mutations were crossed with both B73 and W22 inbreds and then continuously backcrossed with B73 and W22 three more times in order to introgress the mutations into each background ( Figure S1 ). This allows for identification of SNPs that are linked to the phenotype in two independent introgressions. The resulting BC3F1 plants were then selfed to obtain the BC3F2 populations ( Figure S1 ). Although the dek mutations are lethal, about 200 BC3F2 homozygous mutant seeds were collected from each introgression. DNA extracted from the pooled seeds from the B73 introgression was subjected to paired-end whole-exome sequencing at 509 coverage. In addition, RNA was extracted from the pooled seeds from the W22 introgression for paired-end whole-transcriptome sequencing, resulting in 70 million reads for each dek pool.
Principle of the pipeline
Individuals from a segregating population are separated into two 'bulked' classes; one bulk of individuals has the mutant phenotype, the other is a bulk of plants with a normal phenotype. DNA or RNA extracted from these two bulks is sequenced by next-generation sequencing and the resulting fastq files are loaded into the pipeline. The raw fastq files are first evaluated for quality with FastQC (http:// www.bioinformatics.babraham.ac.uk/projects/fastqc/) and poor quality sequences are trimmed with Trimmomatic software (Bolger et al., 2014) . The trimmed reads are mapped back to the reference genome using the BurrowsÀWheeler aligner (BWA) for DNA reads or STAR-2 pass (Dobin and Gingeras, 2015) for RNA reads. After the alignment, other software programs, such as Picard (http://broadinstitute.github.io/picard.), SAMtools , Genome Analysis Toolkit (GATK) (McKenna et al., 2010; DePristo et al., 2011; Van der Auwera et al., 2013) , SnpEff (Cingolani et al., 2012) , VCFtools (Danecek et al., 2011) and the ggplot2 package in the R programming language (Wickham, 2009) , are invoked to proceed with the analysis. Picard and SAMtools are used for pre-treatment of the alignment files, whereas GATK is used to call the variants, which are further annotated by SnpEff and selected by VCFtools. Then, ggplot2 is used for visualization of the variant index. The default settings are used for all software programs. Figure 1 shows the flow chart of the pipelines, VarMapDNA and VarMapRNA.
Two files consisting of tables listing mutant-specific homozygous variants will be produced by the GATK HaplotypeCaller; one for SNPs and one for INDELs ( Figure S2 ).
The mutant-specific variants are those present only in the mutant bulk as compared with wild-type. Homozygous variants are defined as the ones with a variant index greater than 0.9, rather than 1.0, to account for any sequencing or sampling error. These mutant-specific homozygous variants are annotated by SnpEff software, and then selected by the effect these mutations will have on gene function. SnpEff evaluates putative variant impact in order to make it easier to categorize and prioritize variants, including high, moderate, low, or modifier (Cingolani et al., 2012) . For example, the stop-gain or frameshift mutation usually causes a high impact, a missense mutation or in-frame deletion usually has a moderate impact, and a synonymous mutation usually produces a low impact. The SNP or INDEL variants with high and moderate impacts are selected, each as a separate list. In total, four lists of annotated homozygous variants will be placed in the working directory ( Figure S2 ).
In addition, two index plots will be produced by the ggplot2 package in the R programming language, one for all SNPs and one for all INDELs identified by the pipelines ( Figure S2 : SNPindex-chr.pdf and INDELindex-chr.pdf). These plots show the distribution of the variant index of all the mutant-specific variants across each of the chromosomes. The variant index is defined as the number of reads carrying a mutant allele divided by the total number of reads at that locus (Abe et al., 2012) . We applied these tools to recessive mutations, where there should be few wild-type alleles at tightly linked sites within the mutant pool. The variant index for the causal mutation should be 1, whereas it is expected to be close to 0.5 for unlinked sites. The variant index of sites linked to the site of interest should be approaching 1 from both sides. Combining the two plots, the genomic position of the mutation can be identified.
Validation of the pipeline with strawberry runnerless mutation
To test the pipeline, we selected a published mutant of diploid strawberry because the genome is only 240 MB in size (Edger et al., 2018) , whereas the maize genome with 2.3 GB is almost 10-fold larger (Schnable et al., 2009; Dong et al., 2016) . One of the striking features of strawberry is its production of above ground stolons, also called runners. The lack of runnering seen in some wild diploid strawberry plants was designated as the runnerless (r) phenotype (Brown and Wareing, 1965) . Recently, it was shown that the r phenotype is due to a 9-bp in-frame deletion in the gibberellin 20-oxidase4 gene (Tenreira et al., 2017) . An F2 population was constructed from a cross of an F7 inbred of the wild-type, runnering Fragaria vesca Hawaii 4 with a runnerless F7 inbred line, Baron Solemacher ( Figure 2a ). In total, 27 runnerless plants from the F2 segregating population were bulked for paired-end whole-genome DNA sequencing at 309 coverage.
Two plots of variant index were produced by VarMapDNA from the genomic sequence fastq file (Figure 2b , c). The variant index of sites linked to runnerless should be approaching 1 from both sides of the mutant locus. Based on this, the mutation for the runnerless phenotype is The first two steps and the last one are needed from user. After provided with the required files, the pipelines will run all the other steps automatically. After run, annotated variant lists and index plots will be presented. expected to be between positions at 24 Mb and 27 Mb on the long arm of chromosome 2 (Fvb2), because the index is increasing to 1 from both sides in both SNP and INDEL index plots. Because the strawberry runnerless phenotype is based on a naturally occurring mutation, the mutation could be either an SNP or an INDEL. Therefore, the SNP and INDEL lists with high impact and the INDEL list with moderate impact were considered first (Table S1 ). Indeed, in the genomic region revealed by the SNP and INDEL index plots, we found the previously reported 9-bp in-frame deletion in the gene encoding GIBBERELLIN 20-OXIDASE4 (FveGA20OX4) that is the causal mutation resulting in the runnerless phenotype (Tenreira et al., 2017) , illustrating the proper function of the pipeline even for INDELs.
A C-to-T transition in GRMZM2G111984 is the causal mutation in dek19
Given that the new pipeline gave an accurate account of the reported strawberry runnerless mutant, we applied it then to the introgressed maize kernel mutant collection. For these EMS-induced dek mutants, we first focused on the list of homozygous SNPs scored as having high impact, because EMS usually produces a C?T or G?A transition. Because dek mutants are lethal and non-allelic to each other, the mutations should not be present in existing lines or in other dek mutants from the same collection. Therefore, after running the pipeline, the variants listed as homozygous SNPs were further filtered against other dek mutations and the maize HapMap version 3 (Bukowski et al., 2018) . All the dek mutants were previously located to a specific chromosome arm using B?A translocations . This information enabled us to narrow the variant list and select a causal mutation. For dek19, a bulk of 200 defective kernels segregating from the W22 introgression was collected for RNA extraction and 29 75-bp paired-end whole-transcriptome sequencing.
After running the VarMapRNA pipeline, filtering against other dek mutations and the maize HapMap version 3, a list of five mutant-specific homozygous SNPs was generated (Table 1) . At the same time, another bulk of 200 defective kernels segregating from the B73 introgression was collected for DNA extraction and 2 9 75 bp paired-end whole-exome sequencing. After running the VarMapDNA pipeline, filtering against other dek mutations and the maize HapMap version 3, only two mutant-specific homozygous SNPs were produced (Table 2 ). Dek19 gene was previously located to the long arm of chromosome 6 (Sheridan et al., 1984) . In accordance to this, the mutation could be localized around 150 Mb on the long arm of chromosome 6 based on the SNP and INDEL index plots (Figure 3e and Figure S3 ). From the high-impact SNP lists generated by VarMapRNA and VarMapDNA, a shared C-to-T transition in GRMZM2G111984 appeared to be the most probably causal mutation for the phenotype (Figure 3a) . In this case, analysis of the nextGen sequencing results provided a unique answer. This SNP introduces a stop codon in the second exon of the gene, which encodes a P-type pentatricopeptide repeat (PPR) protein (Figure 3b ) that is predicted to function in the mitochondrion (Emanuelsson et al., 2000; de Castro et al., 2006) . Genotyping 112 plants germinated from normal seeds from the W22 introgression BC3F2 population gave a ratio of 39 wild-type to 73 heterozygous plants. No homozygous mutant plants were found in the population, suggesting that the mutation is tightly linked to the defective kernel phenotype. P-type PPR genes have been found to contribute to maize seed development by regulating mitochondrial mRNA splicing and stability (Barkan and Small, 2014; Xiu et al., 2016; Cai et al., 2017; Chen et al., 2017; Qi et al., 2017; Ren et al., 2017; Zhang et al., 2017; Dai et al., 2018) . In addition, the predicted mitochondrial localization of the GRMZM2G111984 protein suggested that the defective kernel phenotype of dek19 could be related to a failure of mitochondrial electron transfer. This would result in an increase in the activity of the alternative respiratory pathway and elevated expression of alternative oxidases (AOX) genes (Karpova et al., 2002) . RT-PCR confirmed that AOX2 was highly upregulated in dek19 seeds (Figure 3f ), consistent with the proposed role of the Dek19 gene. A G-to-A transition in GRMZM2G090068 is responsible for the defective kernel phenotype in dek33
The VarMapRNA pipeline was also applied to another EMS-induced defective kernel mutants, dek33. For dek33-N1299, a bulk of about 200 defective kernels segregating from the W22 introgression were collected for RNA extraction and 29 75-bp paired-end whole-transcriptome sequencing. After running the VarMapRNA pipeline, filtering against other dek mutations and the maize HapMap version 3, there were only four candidate mutations on the high-impact list (Table 3) . Previously, dek33-N1299 was mapped to the long arm of chromosome 5 (Neuffer and England, 1995) , and there is only one candidate SNP with high impact in this region. The gene model in question is GRMZM2G090068, which encodes a plant pyrimidine reductase that is imported into the plastids (Hasnain et al., 2013) . In dek33-N1299, a G?A transition results in a stop codon in the seventh exon of the gene (Figure 4a ). From another, independent EMS mutagenesis, another defective kernel mutant was discovered (dek33-N1145A) that was found to be allelic to dek33-N1299, as tested by Ed Coe. We amplified and sequenced the genomic sequence of GRMZM2G090068 in the dek33-N1145A mutant line and found the same mutation as in dek33-N1299 (Figure 4a ). In addition, a mu-transposon insertion mutant (UFMu-05381) of this gene was found, and reported to be also a defective kernel mutant (Hasnain et al., 2013) . Both dek33-N1299 and dek33-N1145 are weak alleles when the phenotype is compared to that of the reported mutransposon insertion mutant, in which development is blocked at very early stage (Figure 4b-d) . Reciprocal allelism tests were performed to show that EMS dek33-N1299 is allelic to UFMu-05381. The resulting ear phenotype follows the maternal parent, in support of dek33-N1299 to be a weak allele (Figure 4e ,f). All these results are consistent with a mutation in gene GRMZM2G090068 being responsible for the defective kernel phenotype in dek33.
DISCUSSION
Forward genetics is a robust method to uncover the biological basis of important agronomic traits and the function of genes. The classical map-based cloning approach to identifying genes responsible for a given trait used genetic markers and chromosome walking to narrow the physical interval of a candidate gene (Peters et al., 2003; Gallavotti and Whipple, 2015) . Previously, such intervals had to be cloned with overlapping bacterial artificial chromosomes (BACs) to determine the nucleotide sequence of such an interval. To keep such an interval as small as possible, a large population of a mutant phenotype is needed to screen for recombination breakpoints. This is laborious and time-consuming work, thereby hindering the discovery of new genetic mechanisms. BAC cloning and mapping contribute to the significant monetary costs of this approach. Furthermore, early sequencing techniques have a lower throughput than today's platforms.
Replacing these steps with a single sample preparation and nextGen sequencing not only lowers costs and time, but also reveals the entire population of genetic changes at a single nucleotide level. A drawback to this approach is the large dataset that needs to be analyzed requiring multiple software applications to be linked as a pipeline, and high capacity computing power. Although data production is now usually outsourced, the data processing has, up until now, required familiarity with the best computer programs and how to use them, and as well, how they can be linked to result in a robust pipeline. Although a few examples have recently become public (Schneeberger et al., 2009; Abe et al., 2012) , they are not easy to use and require significant computer language skills. Therefore, the pipelines developed and tested here, allow mapping of existing or induced mutations with either DNA or RNA sequencing without knowledge of any computer language, given logistics support from a systems administrator.
With VarMapDNA and VarMapRNA, fastq files can be directly used and causal variants identified with no preprocessing steps. The output lists and plots can readily lead to the identification of the most likely sequence lesion causing the phenotype. These pipelines can be used for diploid plants with either a small genome, such as strawberry, or those with large genomes, such as maize. However, if the percentage of coding sequence is small relative to the genome size, it is advantageous to perform whole-exome or transcriptome sequencing rather than whole-genome sequencing. Although there are reports of mapping mutants with exome data or RNA-seq (Liu et al., 2012; Li et al., 2013; Yang et al., 2015; Jia et al., 2016) , there is currently no convenient way for researchers without programming skills to analyze their data without the time and availability of specialists.
We tested these pipelines using whole-genome resequencing of an F2 strawberry population segregating for runnerless, a naturally occurring mutation of agronomic significance, with DNA as input. We used whole-exome or transcriptome sequencing of BC3F2 introgression populations from two EMS-induced maize defective kernel phenotypes with DNA or RNA as input. We found dek33 to be another allele of a previously reported dek mutant, and we identified and cloned the dek19 gene. Dek19 gene is proposed to be a mitochondrion-localized P-type PPR gene, which may contribute to mitochondrial mRNA splicing and stability. The Dek33 gene was reported to be a plastid localized plant pyrimidine reductase, which functions during the synthesis of riboflavin (vitamin B₂) (Hasnain et al., 2013) . The weak allele of dek33-N1299 will provide an opportunity to study the function of this gene because endosperm development of the mu-transposon inserted allele is blocked at a very early stage. Establishing the tools and materials in the work described here, additional dek mutants can now be analyzed and should provide us with a more detailed view of maize kernel development, as was intended with the mutant collection.
Whole-genome or -exome sequencing is recommended to perform bulked segregant analysis, but transcriptome sequencing can be used as well. The major drawback for transcriptome sequencing is whether the gene is sufficiently expressed when samples are collected. Another one is the differential expression of alleles, which results in a failure to ascertain the genomic localization information from the index plots of RNA-seq. Both the F2 population and the BC3F2 introgression population can be used to map the causal mutation. Although creating a F2 population is much easier and faster, the dek introgressions purify the mutant background and clearing up unrelated SNPs, thus narrowing the candidate list. These examples illustrate that the pipelines are useful with two different phenotypes and mapping populations and should therefore be useful to any species with sequenced genomes.
The VarMapDNA and VarMapRNA pipelines have several advantages over existing ones in the following aspects. First, either DNA or RNA fastq can be used as input files. Existing pipelines can only take DNA sequencing reads for analysis. The genome sizes of many crops are rather large, so that whole-genome re-sequencing is a significant cost factor. Thus, exome sequencing and transcriptome sequencing offer a more economical choice, and either, or both, can be used. Second, the process is not straightforward for geneticists without programming skills. After downloading and installing the pipelines, the user only needs to change the names of the input files, and the path to the files and pipelines. Third, these pipelines can accept different kinds of segregating populations, for example, F2 or backcross populations that we have tested with examples. Fourth, these pipelines can be used to analyze both existing and induced mutations. The output lists provide both annotated SNPs and INDELs with high and moderate impact. Fifth, the pipelines will be submitted to a computing cluster to request large memory for crops with large genomes and can email notices to the user when it starts and finishes. These pipelines run on a cluster with the Linux release 6.9 (Carbon) with Java 1.7 and R programming language installed, which are commonly used platforms in many institutions. These pipelines are hosted on GitHub (https://github.com/JiaqiangDong/VarMap) and include a quick-start README file. Although server systems might need adaptations for running these pipelines, these can be easily configured by a system administrator.
EXPERIMENTAL PROCEDURES Growth conditions
Two accessions of F7 inbred diploid strawberry (Fragaria vesca) are used in the study: Hawaii4 F7-3 (H4F7-3, PI 551572) and Baron Solemacher F7 (BSF7, PI 551507), a naturally occurring runnerless mutant with a nine nucleotide INDEL in GA 20 Ox 4 (Tenreira et al., 2017) . Plants were grown in a growth chamber with 16 h/8 h day/ night at 24°C. Young leaf tissue from 27 runnerless plants of an F2 population resulting from a cross of H4F7-3 with BSF7 were pooled, and tissues from an equal number of runnering segregants were separately pooled for DNA extraction.
Maize defective kernel (dek) mutants were provided by the Maize Genetic Cooperation Stock Center and planted for backcrossing in the Waksman field in the summer and in Hawaii in the winter. After backcrossing, dek BC3F1 plants were selfed to collect the BC3F2 defective kernels as soon as the phenotype is obvious. About 200 defective kernels were collected for each mutant; pericarps were discarded.
DNA/RNA extraction, RT-PCR and sequencing DNA was extracted from the bulked samples using a standard cetyltrimethyl ammonium bromide (CTAB) protocol, whereas RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA). cDNA was synthesized from 1 lg RNA with the Prime Script RT Reagent kit (TaKaRa Bio, Mountain View, CA, USA), using the poly-dT primer in a 20-ll reaction. RT-PCR was performed with primers listed in Table S2 . Ubiquitin serves as internal control.
Purified maize DNA was used for exon capture. A solutionbased exome capture library was purchased from Roche (130614_Maize_ISU_RNG_Zeaome_EZ_HX1 SeqCap EZ kit). This library is based on a comprehensive collection of 110 Mb of exome content derived from the B73 reference genome, expressed non-B73 sequences identified from the founder inbred lines of the NAM population, and RNA-seq of teosinte (Yang et al., 2015) . Mutant DNA samples were hybridized with four bar-coded samples per column. Paired-end libraries were prepared using the KAPA Hyper-prep Kit according to the manufacturer's instructions and sequenced on an Illumina nextGen instrument with the high-or rapid-throughput mode at the Waksman Institute Genomic Core Facility.
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